Microtubules (MTs) are hollow tubes composed of αβ-tubulin heterodimers that stack head-to-tail to form linear protofilaments (PFs), which in turn associate laterally to define a cylindrical wall. In most eukaryotic cells, 13-PF MTs are the dominant form ([@r1], [@r2]), although MTs with different PF numbers have been reported for certain species ([@r3]). The prevalence of 13-PFs in vivo could be due to the fact that MTs are typically nucleated from γ-tubulin ring complex (γ-TuRC) ([@r4][@r5]--[@r6]), which has been proposed as a template for 13-PF MT, or because MTs assemble in the presence of MT-associated proteins (MAPs), such as end-binding proteins (EBs) and doublecortin, that bind across PFs and strongly promote the formation of 13-PF MTs, as observed in vitro ([@r7][@r8][@r9]--[@r10]). Budding yeast MTs assemble predominantly as 12-PFs in vitro, but also shift toward 13-PFs in the presence of either Bim1 (yeast homolog of EB) or mammalian EBs ([@r11], [@r12]). It has also been proposed that tubulin isoforms and posttranslational modifications of tubulin are important determinants of MT geometry ([@r3]), but it is unclear whether these factors directly influence MT structure or whether they do so indirectly, by defining the set of MAPs that interact with the MT.

Most MTs, whether assembled in vitro or in vivo*,* have a "seam" ([@r13][@r14][@r15]--[@r16]), where the lateral interactions between PFs are heterotypic (α-tubulin interacts with β-tubulin), whereas the rest of the MT has homotypic lateral interactions (α--α or β--β contacts). It is unclear what the physiological relevance of the seam is, although roles in MT growth and shrinkage have been proposed ([@r13]). The MT seam has also been suggested to provide a unique binding site for MAPs ([@r8], [@r13], [@r17]), although no seam-binding protein has been identified yet. More recently, other biological systems that also possess a seam have been reported, such as a "mini-microtubule" ([@r18]) and a flagellar filament ([@r19]) found in bacteria.

αβ-Tubulin forms a stable heterodimer following its biogenesis, with each subunit bound to a guanine nucleotide ([@r20], [@r21]). The GTP bound at the N-site (nonexchangeable site on α-tubulin) is always buried at the α--β interface within the dimer, is never hydrolyzed, and plays a purely structural role ([@r22]). The GTP bound to the E-site (exchangeable site on β-tubulin), on the other hand, can be exchanged in unpolymerized tubulin dimers and is hydrolyzed to GDP within the MT following dimer addition to the lattice ([@r23]). This hydrolysis results in MTs that are highly dynamic and undergo stochastic switches between growth and shrinkage phases, the hallmark phenomenon known as dynamic instability ([@r24]). MTs will continue to grow as long as there is a cap of GTP-bound tubulin at their ends ([@r25], [@r26]), but losing this GTP-cap makes the MT unstable and prone to depolymerization. Highlighting the importance of MT dynamics, the leading anticancer drug Taxol inhibits cell division by stabilizing MTs and suppressing their dynamic properties ([@r27][@r28]--[@r29]).

Recently, high-resolution cryo-electron microscopy (cryo-EM) allowed us to directly visualize MTs in different nucleotide states with unprecedented detail ([@r30], [@r31]). Comparison of MTs bound to GDP and the slowly hydrolyzable GTP analog GMPCPP (which mimics the GTP state at growing MT ends; see [*Discussion*](#s5){ref-type="sec"}) revealed an ∼2-Å lattice compaction occurring at the interface between tubulin dimers that is mainly due to conformational changes in α-tubulin. We proposed that this lattice compaction generates strain inside the MT lattice that will ultimately be released upon MT depolymerization ([@r30], [@r31]). It is worth noting that these cryo-EM studies used a bound kinesin motor as a fiducial marker on the MT to distinguish between the highly similar α- and β-tubulin structures during image analysis. This fact left open the possibility that kinesin itself could influence MT structure, complicating the interpretation of the observed effects attributed to GTP hydrolysis.

MT dynamics are highly regulated by a number of MAPs. Among them is a family of proteins named plus-end tracking proteins (+TIPs), which selectively accumulate at the growing ends of MTs ([@r32]). The EB proteins mentioned above are the central hub of the +TIPs network, and many other +TIPs hitchhike on EBs to track with the MT-plus ends ([@r33]). Recent studies showed that EBs influence MT dynamics by promoting MT growth, but also by increasing the frequency of catastrophes, the switch from MT growth to shrinkage ([@r10], [@r34]). In vitro, EB proteins bind with high affinity to GTPγS-MTs ([@r10], [@r35]), suggesting that GTPγS-MTs may mimic some unique structural feature at the growing end of MTs. Recently, we reported the high-resolution structure of EB3-decorated GTPγS-MT showing a compacted MT lattice with a twist that is different from either the GMPCPP- or GDP-MT state ([@r31]). However, it was unclear whether this unique MT lattice was a result of the nucleotide state (GTPγS) or the EB binding. We also showed that through copolymerization with GMPCPP-bound tubulin, EB3 promoted both the rapid hydrolysis of this slowly hydrolyzable GTP analog within the MT lattice, and the accompanying lattice compaction ([@r31]). A similar effect was observed for the budding yeast EB3 homolog, Bim1, which also induced lattice compaction for the otherwise extended dynamic budding yeast MTs ([@r11], [@r12]).

Here we report three high-resolution structures of MTs in different nucleotide states---GMPCPP, GDP, and GTPγS---in the absence of any binding proteins. These structures of undecorated MTs posed technical challenges that we have only recently been able to overcome ([@r36]), allowing us to separate the effects of nucleotide and MAP binding on MT structure. We also demonstrate that, at high concentrations, EBs can bind and induce partial lattice compaction of a preformed 14-PF GMPCPP-MT, a MT lattice type that is far from EBs' ideal binding platform, further supporting our previous model that EB binding alters the MT lattice ([@r31]).

Results {#s1}
=======

Structures of Undecorated GMPCPP- and GDP-MTs. {#s2}
----------------------------------------------

We recently developed a cryo-EM data-processing protocol that is able to rely on small structural differences between α- and β-tubulin to determine the correct αβ-tubulin register and seam location in MT images. The protocol considers all possible MT-symmetry--related solutions during image alignment, then selects the best match to the experimental image ([@r36]). This protocol overcomes the need of a tubulin dimer marker, such as a kinesin or EB ([@r10], [@r15], [@r16], [@r30], [@r31]), and works well even for undecorated MTs. The success of the protocol is demonstrated by the clear distinction between α- and β-tubulin densities in the resulting cryo-EM reconstructions ([Fig. 1*A*](#fig01){ref-type="fig"}). For example, the S9-S10 loop, which is longer in α-tubulin, is clearly resolved and easily distinguished between α- and β-tubulin ([Fig. 1*B*](#fig01){ref-type="fig"}). It is also reflected by the correct seam configuration displayed in the asymmetric (C1) reconstruction: that is, without application of pseudohelical symmetry ([Fig. 1*C*](#fig01){ref-type="fig"}). Using this data-processing protocol, we have now determined the structures of undecorated GMPCPP- and GDP- MTs at atomic resolution ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). In both datasets, 14-PF MTs were the dominant form ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)).

![High-resolution structure of undecorated MTs. (*A*) Surface rendering of a cryo-EM density map of undecorated GMPCPP-MT with pseudohelical symmetry applied. The α- and β-tubulin are colored in green and blue, respectively, throughout the report, unless specified. The red and black dash lines denote the 3-start and 14-start (or 13-start, in the case of 13-PF MT) helices of the MT, respectively. (*B*) Zoomed-in view of the cryo-EM reconstruction in *A*, viewed from the lumen. The red dashed circles highlight the density region corresponding to the S9-S10 loop, which has different lengths in α- and β-tubulin. (*C*) Zoomed-in view (from the lumen) of the corresponding C1 reconstruction of undecorated GMPCPP-MT without applied pseudohelical symmetry, showing the configuration at the seam.](pnas.1802637115fig01){#fig01}

For further quantitative analysis of the MT structure, we considered two helical parameters, the "dimer rise" and the "dimer twist," to describe the MT lattice in different conditions. The dimer rise and dimer twist are defined as a set of translational and rotational operations that relates one tubulin dimer (i.e., one MT asymmetric unit) to the adjacent tubulin dimer within the same PF ([Fig. 2*A*](#fig02){ref-type="fig"}). In other words, they are helical parameters for the 14-start (or 13-start, for a 13-PF MT) helix of the MT ([Fig. 1*A*](#fig01){ref-type="fig"}). Another set of parameters we find useful in describing a certain MT lattice are the intra- and interdimer distances ([Fig. 2*B*](#fig02){ref-type="fig"}). The intradimer distance is defined as the distance between two tubulin subunits sandwiching the nonhydrolyzable GTP at the N-site, while the interdimer distance is that between two tubulin subunits sandwiching the exchangeable nucleotide at the E-site.

![Variation of lattice parameters for different MT states. (*A*) The MT dimer rise and dimer twist are defined as the translational and rotational operations that relate one tubulin dimer (dimer 1, outlined in black) to the adjacent tubulin dimer (dimer 2, outlined in red) along the same PF. The dimer rise and twist are measured directly from the C1 reconstruction of each MT state ([*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). (*B*) Plot of interdimer vs. intradimer distances for each MT state. Here the interdimer distance is defined as the distance between two tubulin subunits sandwiching the exchangeable nucleotide at the E-site, while the intradimer distance is the distance between two tubulin subunits sandwiching the nonhydrolyzable GTP. The values of the interdimer and intradimer distances were calculated from the atomic models of each state, using the mean of the Cα distances between α- and β-tubulin for each pair of corresponding residues. (*C*) Plot of dimer rise versus dimer twist for 13-PF MTs in different states. The red dashed circle indicates the values corresponding to the optimal MT lattice for EB3 binding. (*D*) Plot of dimer rise versus dimer twist for 14-PF MTs in different states. In the figure legend, if the name of the binding protein comes before the nucleotide (e.g., EB3-GMPCPP), then the MTs were polymerized in the presence of the binding protein. If the name of the binding protein comes after the nucleotide (e.g., GMPCPP-EB3), then the protein was added to preformed MTs. "K" denotes kinesin. This nomenclature is used consistently throughout the report.](pnas.1802637115fig02){#fig02}

Upon comparing undecorated MTs with our previously reported kinesin-decorated MTs ([@r30], [@r31]) ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)), we find that kinesin-1 binding shortens the spacing between longitudinally interacting tubulin dimers (the dimer rise) of the GMPCPP-MT by 0.7 Å. Interestingly, the spindle assembly factor TPX2 has the opposite effect on the GMPCPP-MT, slightly increasing the dimer rise by 0.3 Å ([@r37]). On the other hand, kinesin-1 binding hardly affects the lattice spacing of the already compacted GDP-MT. Similarly, kinesin-1 binding has a small shortening effect on the dimer rise of EB3-decorated GDP-MT (0.1 Å) or EB3-decorated GTPγS-MT (0.4 Å), with the caveat that EB3 binding is reduced in the presence of the kinesin due to a small overlap of the two binding sites on the MT surface ([@r31]). The dimer rise of the undecorated GDP-MT is also very similar to that of the EB3-decorated GDP-MT, suggesting that GDP-MT may represent the most compacted state of the MT, likely corresponding to the tubulin conformation storing the largest amount of strain within the lattice ([@r31], [@r38]). It should be noted that among all of the MT states we visualized, the intradimer distance remained relatively unchanged, presumably due to the constant presence of GTP at the N-site ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)).

As shown in one of our previous studies, a straightforward method to detect a deviation from a true cylindrical arrangement in the MT is to superimpose the atomic models fitted into the C1 and into the symmetrized reconstructions ([@r31]). Following this procedure, we found that in the 13-PF GDP-MT, the two PFs across the seam are significantly further apart from each other than the PFs in the rest of the MT ([Fig. 3*A*](#fig03){ref-type="fig"}). This deformation at the seam is also the case for the 14-PF GDP-MT, but to a lesser extent ([Fig. 3*B*](#fig03){ref-type="fig"}). The seam opening for 13-PF GDP-MTs is also apparent by directly superimposing the densities of the C1 and symmetrized reconstructions ([Fig. 3*C*](#fig03){ref-type="fig"}). In both the 13-PF and 14-PF GMPCPP-MTs, the position of the two PFs across the seam is almost identical for the C1 and the symmetrized reconstructions ([Fig. 3 *D* and *E*](#fig03){ref-type="fig"}). Previously, we reported a slight seam opening for the 13-PF kinesin-decorated GMPCPP-MTs ([Fig. 3*F*](#fig03){ref-type="fig"}) ([@r31]). We can now attribute this difference to kinesin-1 binding, which changes the lattice spacing of GMPCPP-MT ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)), therefore altering the lateral interactions between PFs at the seam.

![Lateral contacts at the MT seam for MTs with different stabilities. The panels show comparisons of the C1 and the symmetrized reconstructions of different MT states. (*A*, *B*, and *D*--*H*) Cα-atoms displacements between atomic models of one helical turn of tubulin dimers for the C1 and the symmetrized reconstructions of different MT states, with deviations colored from blue to red. The histograms of Cα-atoms displacements are also shown above the atomic models. (*C*) Superimposition of the C1 and the symmetrized reconstructions of 13-PF GDP MT, showing the seam opening in the C1 reconstruction (red arrows). Both reconstructions have been low-pass--filtered to 7-Å resolution for easier comparison.](pnas.1802637115fig03){#fig03}

Structures of Undecorated GTPγS-MT. {#s3}
-----------------------------------

In previous work, we obtained the high-resolution structure of EB3-decorated GTPγS-MTs, which was polymerized from GMPCPP-MT seeds through coassembly with EB3 ([@r31]). However, at that time we were not able to assemble GTPγS-MTs in the absence of EB3. Recently, we improved the experimental protocol by significantly reducing the concentration of Mg^2+^ in the buffer and increasing the starting tubulin concentration and the polymerization time. With these modifications, we obtained a considerable amount of GTPγS-MT extensions out of the GMPCPP-MT seeds without needing to copolymerize with EBs. Consistent with previous reports ([@r35], [@r39], [@r40]), no MT growth was observed in the absence of GMPCPP-MT seeds, supporting the idea that GTPγS-tubulin is a poor MT nucleator.

In the absence of EB proteins, the GTPγS-MT extensions follow the geometry (i.e., the PF number) of the GMPCPP-MT seeds, which are predominantly 14-PF (∼80%) ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). This is in stark contrast to the GTPγS-MTs copolymerized with high concentrations of EB3 (also requiring the seeds), which strongly promotes 13-PF MTs ([@r31]) ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). After sorting out 13- and 14-PF MTs, we used two different image-classification strategies to further separate the GMPCPP-MT seeds from the GTPγS-MT extensions. First, we classified the MT segments by measuring their lattice spacing using their layer lines in Fourier space ([*Experimental Procedures*](#s10){ref-type="sec"}). This layer-line analysis showed a bimodal distribution, with one mode corresponding to the peak observed for pure undecorated GMPCPP-MTs and the other mode corresponding to GDP-MTs ([Fig. 4*A*](#fig04){ref-type="fig"}). A local average of seven adjacent segments, which significantly increases the signal-to-noise ratio ([@r36]), was used for this measurement. In addition, we also performed multireference sorting using two models with different MT lattice types (an extended GMPCPP-MT and a compacted GDP-MT) from our previous studies ([@r31]). These two methods gave very consistent classification results, producing two major classes for both 13- and 14-PF MTs. One of the classes (class 1, which contains about 25% of the total particles) had exactly the same lattice parameters as we see for the undecorated GMPCPP-MT ([Fig. 4*B*](#fig04){ref-type="fig"}), and therefore should correspond to the GMPCPP-MT seeds. Class 2, which contains 75% of the total particles, had a compacted lattice ([Fig. 4*B*](#fig04){ref-type="fig"}), very similar to the previously reported EB3-decorated GTPγS-MT, but with a lesser amount of lattice twist (as measured by dimer twist) ([Fig. 2*D*](#fig02){ref-type="fig"}). This class should therefore correspond to the GTPγS-MT extensions. Typically, all of the particles from the same MT are classified into the same class. Although the field-of-view that we used for high-resolution imaging is relatively small, we did occasionally capture transitions between GMPCPP-MT seeds and GTPγS-MT extensions. As a control, we also applied the same multireference sorting protocols to the pure, undecorated GMPCPP-MT and GDP-MT datasets and, in each case, we obtained only one major class containing over 98% of the particles.

![Separation of different MT lattice types for samples with a mixed population. (*A*) Histogram of layer line positions for each MT segment in the dataset of GTPγS growing from GMPCPP-MT seeds, showing a bimodal distribution (only 14-PF MTs are plotted in blue). The *x*-axis Fourier space unit is arbitrary. The red dashed line indicates the cut-off value we used to separate this dataset into two classes. The histograms of layer line positions for each MT segment in the datasets of the pure undecorated 14-PF GMPCPP-MT (red) and 14-PF GDP-MT (orange) are also shown for comparison (same for *C*). (*B*) Plot of layer line profiles for the reconstructions of the two classes observed in the dataset shown in *A*. The layer line profiles of undecorated GMPCPP- and GDP-MT reconstructions are also shown for comparison (same for *D*). (*C*) Histogram of layer line positions for each MT segment in the dataset of EB3 washed GMPCPP-MTs (only 14-PF MTs are plotted in blue). (*D*) Plot of layer line profiles for the reconstructions of two classes present in the dataset of EB3 washed GMPCPP-MTs (14-PF). (*E* and *F*) Top view of the 3D reconstructions of class 1 and class 2, respectively. α-Tubulin, β-tubulin, and EB3 densities are shown in green, blue, and orange, respectively.](pnas.1802637115fig04){#fig04}

With regards to the lateral interactions between PFs across the seam, the C1 and symmetrized reconstructions for the undecorated GTPγS-MT were markedly similar for both 13-PFs and 14-PFs ([Fig. 3 *G* and *H*](#fig03){ref-type="fig"}). This result parallels our observations for GMPCPP-MTs ([Fig. 3 *D* and *E*](#fig03){ref-type="fig"}). In contrast, the two PFs across the seam are further apart from each other in the GDP-MT, especially in the case of the 13-PF GDP-MT ([Fig. 3 *A*--*C*](#fig03){ref-type="fig"}). The difference in lateral interactions at the seam may therefore relate to the stability of MTs bound to these nonhydrolyzable GTP analogs ([*Discussion*](#s5){ref-type="sec"}).

EB3 Induces Lattice Compaction of Preformed 14-PF GMPCPP-MTs. {#s4}
-------------------------------------------------------------

Previously, we have shown that when copolymerizing EB3 with GMPCPP-tubulin, EB3 strongly promotes 13-PF MTs ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)), induces lattice compaction ([Fig. 2*C*](#fig02){ref-type="fig"}), and stimulates the hydrolysis of the usually slowly hydrolyzable GMPCPP ([@r31]). To further understand the effects of EB3 on the MT lattice, we challenged EB3 with a MT type that is distinct from its favored MT substrate ([@r31]). We first applied undecorated GMPCPP-MTs (predominantly 14-PF MTs and with an extended lattice) to the EM grid, and then washed the grid twice with highly concentrated EB3 before blotting and freezing. Under these experimental conditions, while EB3 did not change the PF number distribution of the premade 14-PF GMPCPP-MTs, it was able to bind and induce measurable changes in the lattice in terms of both lattice compaction and lattice twist. Although the plot of lattice spacing for all of the MT segments does not show a bimodal distribution for the EB3-MT coassembly ([Fig. 4*C*](#fig04){ref-type="fig"}), using two distinct 3D references (corresponding to an extended GMPCPP-MT and a compacted GDP-MT), we separated the MT segments into two main classes (class 1 and class 2, which contain 30% and 70% of the total number of particles, respectively). Class 1 had an extended MT lattice that is very similar to the undecorated GMPCPP-MT ([Figs. 2*D*](#fig02){ref-type="fig"} and [4*D*](#fig04){ref-type="fig"}), and had weak density corresponding to EB3 ([Fig. 4*E*](#fig04){ref-type="fig"}). In contrast, class 2 had a partially compacted lattice ([Figs. 2*D*](#fig02){ref-type="fig"} and [4*D*](#fig04){ref-type="fig"}), as well as stronger EB density ([Fig. 4*F*](#fig04){ref-type="fig"}). Interestingly, both classes had a significantly more left-handed MT-lattice than the undecorated GMPCPP-MT ([Fig. 2*D*](#fig02){ref-type="fig"}). Unfortunately, the limited resolution due to sample heterogeneity did not allow us to visualize whether the GMPCPP at the E-site of the partially compacted class 2 had been hydrolyzed.

These results indicate that a few EB3 molecules can affect MT lattice twist, but only a larger number of bound EB proteins can cause compaction and likely hydrolysis. The fact that particles from the same MT typically go to the same class after sorting suggests a cooperative effect once a certain number of EB proteins bind, likely mediated by a lattice switch into a conformation (the compacted state) that further facilitates EB binding. This model is consistent with the observation that higher concentration of EBs reduced the maturation time of MTs before a catastrophe ([@r34]).

Discussion {#s5}
==========

GTP Analogs and What They Represent for MT Structure and Dynamics. {#s6}
------------------------------------------------------------------

As in the biochemical study of any GTPase, the study of tubulin has involved the use of nonhydrolyzable GTP analogs to dissect its function. GTPγS proved to have strange properties on tubulin assembly, somehow behaving more like GDP than GTP concerning its incapacity to nucleate MT formation ([@r35], [@r39], [@r40]). The synthesis and use of GMPCPP, a slowly hydrolyzable analog with reasonable affinity for the tubulin E-site that can promote MT assembly, showed it to be a much better mimic of GTP in its effect on tubulin self-assembly ([@r41]). The near-atomic resolution structures of undecorated MTs discussed herein provide insights into how the two GTP analogs, GMPCPP and GTPγS, can have dramatically different effects on MT structure. The GMPCPP-bound MT has an extended lattice, while GTPγS-bound MT has a compacted lattice, even in the absence of EB protein. Thus, the GTPγS state of MTs appears more similar to the GDP than the GTP state, a structural result that parallels what is seen in some functional studies with this analog. Because GDP and GTPγS are, nevertheless, not identical in their effect on the MT as observed functionally and structurally (see below), we have proposed that GTPγS mimics a transition state in the nucleotide hydrolysis cycle, probably a GDP-P~i~ state ([@r31]). Consistent with this proposal, high-resolution fluorescence microscopy has recently shown that EB1, which favors GTPγS-MTs as its substrate, binds to a region at the MT growing end that lags several tens of nanometers behind XMAP215 ([@r34]), which binds to the extreme end of MT, where the tubulin is presumably in the GTP state.

With regards to the state of GMPCPP-MTs, we have at least three major reasons that lead us to believe that the GMPCPP-MT is a good mimic of a true GTP state, as originally proposed ([@r41]). First, both GTP-tubulin and GMPCPP-tubulin are relatively good nucleators, while tubulin in other nucleotide states (GDP and GTPγS) is not. Second, the GMPCPP-MT has a longitudinal interdimer distance, which depends on the nucleotide state at the E-site, that is closer to the mostly invariable intradimer distance (reflecting the constant GTP at the N-site), than that of the GDP- or GTPγS-MTs ([Fig. 2*B*](#fig02){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). Finally, TPX2, a spindle assembly factor that is known to strongly promote MT nucleation ([@r42], [@r43]), probably by stabilizing early nucleation intermediates, shows strong binding specificity for both GMPCPP-MT seeds and the growing ends of MTs in vitro ([@r43]). These observations suggest that there are common structural features among GMPCPP-MTs, the MT growing ends, and early nucleation intermediates, with the latter two presumably existing in a GTP state.

Effect of GTP Hydrolysis on MT Structure: Strain and the Seam. {#s7}
--------------------------------------------------------------

Our structural studies comparing MTs in the GMPCPP and GDP states have shown an ∼2-Å lattice compaction upon GTP hydrolysis, which occurs at the polymerization interface between two tubulin dimers ([@r30], [@r31]). This apparent lattice compaction is due to an internal domain rearrangement of every α-tubulin, consisting of a relative rotation of the intermediate domain and the C-terminal helices of α-tubulin with respect to its N-terminal domain. Interestingly, this rotation from the GMPCPP to the GDP state is in the opposite direction from that observed in the proposed "ground state" represented by the crystal structures of unpolymerized tubulin ([@r38], [@r44]), suggesting that GTP hydrolysis generates mechanical strain that is stored in the MT lattice.

In addition to its effect on the lattice compaction (as measured by dimer rise) just described, GTP hydrolysis has other structural consequences that are likely to be relevant for our understanding of MT dynamic instability. These include changes in lattice twist (as measured by dimer twist) and in the lateral contacts at the seam.

When comparing MTs in the same nucleotide state but with different PF numbers (e.g., 13-PF vs. 14-PF), the structures are very similar at the PF level, although the PFs run with a different skew angle with respect to the MT axis (also referred to as "supertwist," and mathematically related to the dimer twist). This skew angle generates the classic moiré pattern observed over long distances ([@r45], [@r46]) that is predicted by the "MT lattice accommodation model" proposed more than 25 y ago by Chrétien and Wade ([@r14]). On the other hand, comparison of MTs with the same PF number but in different nucleotide states (e.g., GTPγS vs. GDP) shows that dimer twist changes slightly ([@r31]) ([Fig. 5*A*](#fig05){ref-type="fig"}). This small shift between two longitudinally interacting tubulin dimers within the PF is likely due to the subtle rearrangement of hydrogen bonds at the E-site. Such a small shift accumulates over long distances, causing the PF to run at a slightly different skew angle ([Fig. 5*A*](#fig05){ref-type="fig"}). Thus, both nucleotide state and PF number can alter the skew angle of PFs, which will inevitably change the structural details of the lateral contacts that hold the lattice together against strain, and therefore may affect the overall stability of the MT lattice.

![Cartoon diagram of the different origins of lattice twist and the effect of EB3 on MTs in different nucleotide states. (*A*) Relationships between nucleotide state, PF number, and lattice twist (or PF skewing). (1) MTs with the same nucleotide but different PF numbers will naturally run at a different skew angle with respect to the MT vertical axis, but the tubulin structures are very similar at the PF level. (2) MTs with the same PF number but different nucleotides have a small amount of shift between two longitudinally interacting tubulin dimers along the PF. Such a small shift also accumulates over a long distance, causing the PF to run at a slightly different skew angle. (*B*) In each MT nucleotide state (GMPCPP, GTPγS, and GDP), EB3 generates a left-handed lattice twist (measured as dimer twist). EB3 also induces lattice compaction of GMPCPP-MT.](pnas.1802637115fig05){#fig05}

The lateral interactions at the seam may be a direct readout of the overall stability of the MT. We have observed that GDP-MTs are less "cylindrically" symmetric than the GMPCPP and GTPγS MTs (both of which are stable states). In GDP-MTs, the positions of the two PFs across the seam are further apart from each other than those observed for other PF pairs ([Fig. 3](#fig03){ref-type="fig"}). It is likely that the α--β interaction at the seam is always intrinsically weaker than the homotypic (α--α or β--β) interactions at nonseam locations, regardless of the nucleotide state. Our studies indicate that when the MT lattice is placed under stress following GTP hydrolysis, this strain is first manifested in the "stretching" of the seam. Based on this observation, we propose that the seam would likely be the first place to crack open in a MT catastrophe event. Losing 1 of the ∼13 lateral interactions that act as a whole to counteract the intrinsic curling tendency of individual PFs would then trigger the outward pealing of other PFs, as is often observed at the ends of depolymerizing MTs ([@r47]). Consistent with this idea, we have previously described how the MT-stabilizing agent peloruside, which binds across both homotypic β--β interfaces and heterotypic α--β interfaces, also brings the two PFs across the seam closer to each other ([@r48]).

Effect of EB Binding on MT Structure and Stability. {#s8}
---------------------------------------------------

In living cells, EBs track with growing MT ends, recognizing a structural state of the MT lattice that is dependent on its nucleotide content. Biophysical and structural studies indicate that EBs preferentially bind a state that is best mimicked in vitro by GTPγS-MT. Despite the fact that both are compacted states, the GDP and GTPγS MT states are not identical. The 13-PF GTPγS-MT has a dimer twist (−0.1°) that is different from both the 13-PF GMPCPP-MT (0.2°) or the GDP-MT (0.1°) ([Figs. 2*C*](#fig02){ref-type="fig"} and [5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). The unique dimer twist observed for GTPγS is likely to be recognized by EB proteins, which bind four tubulin dimers across two PFs and thus are particularly sensitive to PF skew.

By comparing the three nucleotide states (GMPCPP, GDP, and GTPγS) of MTs with and without bound EB3, there is a clear trend that, at least at the high concentrations used in the cryo-EM studies, EB3 introduces an additional left-handed lattice twist to whatever MT lattice it binds (even for 14-PF MTs). EB3 also induces lattice compaction, except when added to a lattice that is already fully compacted ([Figs. 2 *C* and *D*](#fig02){ref-type="fig"} and [5*B*](#fig05){ref-type="fig"}). Very similar effects on MT lattice twist by the yeast homologs, Bim1 and Mal3, have also been reported recently ([@r11], [@r12], [@r49]). In the case of EB3, it appears that the MT conformation for maximal EB3 binding is a 13-PF MT with a compacted lattice (dimer rise of around 81.5 Å) as well as a relatively large left-handed lattice twist (dimer twist of around −0.3°) ([Figs. 2*C*](#fig02){ref-type="fig"} and [5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)). Our structural comparisons ([Fig. 5*B*](#fig05){ref-type="fig"}) indicate that 13-PF GTPγS-MTs have the intrinsic capacity to fully accommodate this optimal EB binding site, and consequently have the highest affinity for EB3 ([@r10], [@r35]). However, 13-PF GMPCPP-MTs and GDP-MTs can only be partially modulated by EB3 toward its preferred lattice conformation ([@r31]), even when EB3 is in excess, likely due to the suboptimal binding pocket for EB3, which spans four tubulin dimers across both longitudinal and lateral interfaces, in these alternative MT lattices.

Thus, the complex effect of EB proteins on MT dynamics is likely to be rooted in the duality of EB recognition of, and effect on, the MT lattice. As just mentioned, our structures show that EB binding leads to lattice compaction of the extended GTP state that is linked to GTP hydrolysis. So far, it is not possible for us to determine, from our structures alone, the causality of the process: Does EB promote compaction that sterically facilitates hydrolysis, or is compaction a result of hydrolysis? Nevertheless, it is apparent that GTP hydrolysis ultimately results in a GDP state with a different lattice twist than that preferred by EB (i.e., that mimicked by GTPγS). Because each EB molecule binds across four tubulin dimers, EB is particularly sensitive to changes in lattice twist. We propose that the lattice twist in the GDP-MT correspond to a low-affinity state for EB that causes it to come off the MT lattice, likely upon P~i~ release. The combination of effects on MT lattice that we see due to EB binding and nucleotide state provides a structural framework for a mechanistic understanding of the end-tracking behavior of EB proteins.

A Lattice-Centric Model of MT Dynamic Instability and Its Regulation. {#s9}
---------------------------------------------------------------------

A number of studies have shown that the structural state of the MT lattice can be modulated by different binding partners, especially when they are present in the high concentrations typically used for cryo-EM studies. The effects seen for these proteins further support a previously proposed model of structural plasticity for tubulin and MTs ([@r50]). It appears that proteins that bind across the interdimer interface, such as EB proteins ([@r10], [@r31]), doublecortin ([@r7], [@r51]), or TPX2 ([@r37]), have stronger influence on MT lattice and MT dynamics than MT-binding proteins that bind within the tubulin dimer, such as dynein ([@r52], [@r53]), kinesin ([@r15], [@r16]), TTLL7 ([@r54]), PRC1 ([@r55], [@r56]), or WHAMM ([@r57]).

In addition to sensing the subtle lattice differences in straight MTs, it has been observed that several MAPs, such as TPX2 ([@r43]) or doublecortin ([@r58], [@r59]), can preferentially accumulate at curved regions of MTs, which can arise from deformations due to mechanical forces. Such curved MT regions may provide unique lattice configurations that are different from those in straight regions. For example, as recently proposed by Wittmann and coworkers ([@r59]), the convex or the concave side of the curvature may provide slightly larger or smaller dimer spacing, respectively, that can be preferentially recognized by MT binding partners.

It is believed that growing MT ends and early nucleation intermediates may share similar structural features, probably the open sheet structure ([@r60][@r61][@r62]--[@r63]). Such lattice conformation, which will be absent in the MT shaft, can be recognized by certain MT binding proteins. In fact, consistent models have been proposed recently to explain the plus-end recognition by EB proteins ([@r64][@r65]--[@r66]), the early nucleation intermediates recognition by TPX2 ([@r37], [@r43]) and doublecortin ([@r58], [@r67]), and also the minus-end accumulation by CAMSAP ([@r66]).

We propose a MT lattice-centric model in which the MT lattice, either in straight or curved regions, serves as a platform in the cell to integrate multiple internal tubulin signals (i.e., nucleotide state, chemical modifications, and others) and outside signals (i.e., binding of MAPs, binding of stabilizing/destabilizing drugs or mechanical forces), and the resulting global lattice rearrangement in turn affects the affinity of its binding partners. In this way, the dynamics properties of MTs can be exquisitely regulated by the combinatorial and sometimes sequential binding of associated factors.

Experimental Procedures {#s10}
=======================

Protein Purification. {#s11}
---------------------

The human EB3 monomeric construct (residues 1--200) was expressed in BL21-CodonPlus-(DE3)-RIL cells and purified using His-tag affinity purification and size-exclusion, following a previously published protocol ([@r31]). Porcine brain tubulin was purchased from Cytoskeleton.

Cryo-EM Sample Preparation. {#s12}
---------------------------

The kinesin-decorated and undecorated GMPCPP-MT samples were prepared as previously described ([@r30], [@r31]). We typically snap-freeze 5-μL aliquots of GMPCPP-loaded tubulin (that has been through one polymerization--depolymerization cycle) at 3 mg/mL for future use (e.g., to make GMPCPP-MT seeds). The undecorated GDP-MTs were made by polymerizing a 5-μL aliquot of 10-mg/mL dynamic porcine MTs in CB1 buffer (80 mM Pipes pH 6.8, 1 mM EGTA, 1 mM MgCl~2~, 1 mM GTP, 10% glycerol) for 45 min at 37 °C. This was followed by a 20 min 16,000 × *g* centrifugation step at 37 °C to pellet the "assembly competent" MTs. The supernatant was discarded and the GDP-MT pellet was resuspended in 5 μL of warm CB1 buffer supplemented with 0.05% Nonident P-40, and repolymerized for 15--20 min before plunge-freezing in liquid ethane.

GTPγS-MTs were obtained using the following procedure, which is adapted from a previously published protocol ([@r35], [@r68]). First, we prepared GMPCPP-MT seeds from a frozen aliquot of GMPCPP-tubulin by incubation at 37 °C, stopping the polymerization by 10-fold dilution after just 2 min to obtain relatively short MT seeds. The GMPCPP-MT seeds were pelleted and resuspended in an equal volume of warm BRB80 buffer without GMPCPP. Next, Porcine tubulin powder (Cytoskeleton) was reconstituted to 10 mg/mL in CB1 buffer. After polymerizing MTs at 37 °C for 45 min followed by centrifugation at 17,000 × *g* for 15 min, MT pellets was resuspended in cold EM buffer with a lower Mg^2+^ concentration (80 mM Pipes, pH 6.8, 1 mM EGTA, 0.2 mM MgCl~2~, 1 mM DTT, 0.05% Nonidet P-40) supplemented with 1 mM GTPγS (Roche), which causes MT depolymerization and tubulin E-site nucleotide exchange. After 20 min, the GTPγS-loaded tubulin was diluted to 5-mg/mL concentration, and 15 μL of GTPγS-tubulin was warmed up to room temperature and mixed with 1 μL of preformed GMPCPP-MT seeds (∼0.3 mg/mL). The sample was allowed to polymerize at 37 °C in EM buffer for about 45 min before EM grid preparation.

To freeze the undecorated MTs, 3 μL of MT sample (diluted to ∼0.2 mg/mL) was applied to a glow-discharged C-flat 1.2/1.3--4C holey carbon EM grid (Protochips). After 30-s incubation time inside a Vitrobot (FEI) set at 25 °C for GMPCPP-MTs or 37 °C for GTPγS-MTs and dynamic MTs, the grid was blotted for 4 s and plunged in liquid ethane.

For the experiment using preformed GMPCPP-MTs that were washed with EB3, we desalted EB3 into cold EM buffer using a Zeba Micro Spin desalting column (Thermo Scientific) and the sample was clarified by ultracentrifugation. Next, 3 μL of the GMPCPP-MT sample was first absorbed to a glow-discharged EM grid. After 30-s incubation inside a Vitrobot set at 25 °C, the grid was washed twice with 3 μL of EB3 at 30-μM concentration (30-s incubation each time), before blotting and vitrification in liquid ethane.

Cryo-EM Data Collection. {#s13}
------------------------

Three datasets (undecorated GMPCPP-MT, undecorated GDP-MT, and kinesin decorated GMPCPP-MT) were collected using a 300-keV Titan Krios at the University of California, San Francisco cryo-EM facility. A bigger dataset of undecorated GMPCPP-MT was collected using a 300-keV Titan Krios equipped with a Cs-corrector and a Gatan Image Filter (GIF) at the Center for Cellular Imaging in Washington University in St. Louis. All other datasets were collected using a 300-keV low-base Titan microscope (FEI) located at University of California, Berkeley. All of the data were collected using a K2 Summit direct electron detector (Gatan), in counting or superresolution mode, with a dose rate of eight to nine electrons per pixel per second. All of the samples were imaged under parallel illumination conditions, with a beam diameter of ∼2 μm on the specimen. A defocus range from −0.5 to −2.5 μm was used. The data were collected using Leginon ([@r69]), SerialEM ([@r70]), and EPU (FEI) at University of California, Berkeley, University of California, San Francisco, and Washington University in St. Louis, respectively. The data-collection statistics are listed in [*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental).

Image Processing. {#s14}
-----------------

Drift correction for each movie stack was performed using the MotionCor2 program ([@r71]). Then the contrast transfer function parameters were estimated from the motion-corrected micrographs using Gctf ([@r72]). In the next step, we manually selected MTs from the motion-corrected micrographs using the APPION image-processing suite ([@r73]). Then the selected MT images were computationally cut into overlapping boxes, with an ∼80-Å nonoverlapping region (along the MT axis) between adjacent boxes. The initial alignment parameters and PF number for each boxed MT segment were determined using multireference alignment in EMAN1 ([@r74]). MT segments with the same PF number were grouped and subjected to further structural refinement in FREALIGN v9 ([@r75]). After that, we used a recently established data-processing protocol to determine the αβ-tubulin register and seam location for each boxed MT segment ([@r36]). The kinesin/EB3 decorated MTs and undecorated MTs were processed using exactly the same set of scripts, although in the case of undecorated MTs, a good reference model (resolution better than 6 Å) with clear distinction of α-, β-tubulin density was needed. Finally, 3D reconstructions (assuming either MT pseudohelical symmetry or no symmetry) were performed using FREALIGN (sym = HP or sym = 0). During the reconstruction process, particles are weighted based on their similarity scores with respect to the reference model, and 20% "bad" particles with the lowest scores were discarded. Typically, a few (fewer than 5) rounds of refinement were needed to reach a stable reconstruction. For each MT state, the helical symmetry parameters (axial rise and azimuthal twist) corresponding to the 3-start helix or 13-start helix (i.e., dimer rise and dimer twist) of the MT were measured from the C1 reconstruction using the *relion_helix_toolbox* program in RELION v2.1 ([@r76]), which gave results consistent with those we previously obtained ([@r31]) using the hsearch_lorentz program in the IHRSR package ([@r77]). The final resolution for each reconstruction ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802637115/-/DCSupplemental)) was estimated by calculating the Fourier shell correlation (FSC) of the "good" protofilament ([@r36]) segment containing three adjacent tubulin dimers from the odd and even maps, using a FSC 0.143 criterion (FSC calculations based on whole microtubule reconstructions tend to give underestimated resolution).

To separate the MTs based on their lattice spacing, we compute the MT "superparticles" by averaging every seven neighboring MT raw particles together using their alignment parameters obtained from FREALIGN ([@r36]). This is based on the idea that due to the slow supertwist of MT, neighboring MT particles represent very similar views of the MT, even for the 14-PF MTs. In the superparticles, the signal-to-noise ratio is greatly improved, therefore allowing us to precisely measure the spacing of layer lines in the 2D Fourier Transform of the image, which corresponds to the lattice spacing in real space. Considering the fact that MTs may lie slightly tilted with respect to the grid plane, the measured layer line spacing is corrected by multiplying the cosine of this tilt angle (θ angle in FREALIGN convention). In the case of GTPγS MTs extended from GMPCPP-MT seeds, based on the shape of the histogram of the layer line spacing for all of the superparticles, which displays a bimodal distribution, a cut-off value of 99 was determined to split the MT dataset into two homogenous subgroups ([Fig. 4*A*](#fig04){ref-type="fig"}). In the case of preformed GMPCPP-MTs washed with EB3, it's hard to determine a cut-off value based on the histogram ([Fig. 4*C*](#fig04){ref-type="fig"}); therefore, only multireference sorting was performed for this dataset.

Atomic Model Building and Refinement. {#s15}
-------------------------------------

The atomic models of undecorated GMPCPP, GDP, and GTPγS-MT were built in COOT ([@r78]), based on the high-resolution cryo-EM density maps and our previously deposited atomic models (PDB ID codes 3JAT, 3JAS, and 3JAK for GMPCPP, GDP, and GTPγS-MT, respectively) ([@r31]). Torsion angle, planar peptide, and Ramachandran restraints were used during the building process in COOT.

For each MT reconstruction, the model of one αβ-tubulin dimer built in COOT was fitted as a rigid-body into the MT lattice to generate an initial model containing six tubulin dimers that was subsequently refined with REFMAC v5.8 adapted for cryo-EM ([@r79]), following a previously described protocol ([@r31]). Secondary structure and reference restraints generated with ProSMART ([@r80]) were used throughout the refinement process. During refinement, local symmetry restraints were used to restrain corresponding interatomic distances in symmetry-related molecules. These local symmetry restraints are functionally analogous to noncrystallographic symmetry restraints used during crystallographic refinement ([@r81]).

Molecular Graphics. {#s16}
-------------------

All structural figures were generated using UCSF Chimera software ([@r82], [@r83]).

Data Deposition. {#s17}
----------------

The following cryo-EM maps have been deposited in the Electron Microscopy Data Bank (EMDB): undecorated GMPCPP-MT (EMD-7973), undecorated GDP-MT (EMD-7974), undecorated GTPγS-MT (EMD-7975), and EB3-washed GMPCPP-MT, class 1 and 2 (EMD-7976 and EMD-7977). The refined atomic models for the undecorated GMPCPP-, GDP-, and GTPγS-MT have been deposited in the Protein Data Bank (PDB) with ID codes 6DPU, 6DPV, and 6DPW, respectively.
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Data deposition: The cryo-EM maps have been deposited in the Electron Microscopy Data Bank (EMDB) \[undecorated GMPCPP-MT ([EMD-7973](http://www.ebi.ac.uk/pdbe/entry/EMD-7973)), undecorated GDP-MT GMPCPP-MT ([EMD-7974](http://www.ebi.ac.uk/pdbe/entry/EMD-7974)), undecorated GTPγS-MT ([EMD-7975](http://www.ebi.ac.uk/pdbe/entry/EMD-7975)), and EB3-washed GMPCPP-MT, class 1 and 2 ([EMD-7976](http://www.ebi.ac.uk/pdbe/entry/EMD-7976) and [EMD-7977](http://www.ebi.ac.uk/pdbe/entry/EMD-7977))\]. The refined atomic models for the undecorated GMPCPP-, GDP-, and GTPγS-MT have been deposited in the Protein Data Bank (PDB) (PBD ID codes [6DPU](http://www.rcsb.org/pdb/explore/explore.do?structureId=6DPU), [6DPV](http://www.rcsb.org/pdb/explore/explore.do?structureId=6DPV), and [6DPW](http://www.rcsb.org/pdb/explore/explore.do?structureId=6DPW), respectively).
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